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ABSTRACT 

Onboard coiriputers can,,increase the q u a n t i t y  qua l j - ty  and 
r: e 1 i. d:) ri. 1- ri- t y of s p a  c e bo r 1.1 e cxpe z ime n t s by IJ e r for  i n i  n y c 11 e c k ou t 
sequenc ing ,  rmde c o n t r o l  amd simple d a t a  coinpressi.on . E s t i m a t e s  
of t h e  r equ i r emen t s  f o r  each  of t h e s e  f u n c t i o n s  have been made by 
anal.ogy t o  o t h e r  s y s t e r w  or by o u t l i n i n g  p rocedures  t h a - t  migh t  he 
used .  

Computers can also p rov ide  s u p p o r t  f o r  more complex d a t a  
compress ion  and r e d u c t i o n  f u n c t i o n s .  The compgter r e q u i r e m e n t s  
f o r  these f u n c t i o n s  v a r y  wide ly  from exper iment  t o  expcrimeni; s o  
est.j.1nai;e.s have been made f o r  s p e c i f i c  examples such  as s o l a r  f l a r e  
s e n s i n g ,  spec.imen sel.c-.ct-.j.on, categori .za . t ion o f  m u l t i s p e c t r a l  d a t a  
and au tocor re l a - t i on  of liLtICJi1Ct.i.C f ie1.d da ta  . 

A 50-experS.ment mi.ssioii i s  used t o  i l l u s t r a t e  t o t a l  mi-ssioii 
r equ j . r enen t s  i n  te3:ins of today  ' s t cchnology and t h a t  of t h e  mid- 
1 9 7 0 ' s .  fill. t h e  expe r imen t s  on t h i s  samplc m i s s i o n  c o u l d  bc? pro- 
v i d e d  w i t h  checkout  f sequencing ,  mode c o n t r o l  and s imple  data 
cornpressi.on by u s i n g  1 0 %  of t h e  memory and spced  ca.pahil . i ty of a 
computer ~ s i ~ i g  t o d a y ' s  technology and less  tham 1% of the memory 
and s p e d  c a p a b i l i t y  of a mid-1.970 ' s coniputer. 

I n  b o t h  C ~ S C S ,  a d d i t i o n a l  f u n c t i o n s  c o u l d  b e  performed.  A 
reason;l.ble s e t  of tllese is o u t l i n e d  i n  terms of  t h e  s p e c i f i c  
examp1 (2s f o r  which c:oit1putC!~ r equ i r emcn t s  were e s t i m a t e d .  The re- 
SUI t i n g  m i  ssion requi rement  exceeds t h e  c a p a b i l i t y  of today  ' s  com- 
p u t e r s ,  b u t  i n  terms of mid-1370's computers it uses 4% of t h e  
s torac jc  and 2 0 %  of t h e  speed  c a p a b i l i t y .  I t  seems c l ea r  t h a t  a 
spaceborne  compl'+e'r can  h e  used e € f c c t i v c :  y i n  spaceborne  e x p c r i -  
m e i i t s .  
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SUW:CT: The P o t e n t i a l  for COII:;?U~.CX L J S ~  
i n  Spaceborne Experiments 
C a s e  730  

I, INTKODUCTION --.-_. 

B a c 1;s r o  un d 

I n  t h e  1a.s t f i v e  yea r s ,  coi.:lputcrs h ~ v e  advanced suf fi- 
cieiitly so t h a t  computa t iona l  c a p a b i l i t y  can now he suppl - ied  t o  
s u p p o r t  more -i.lian j u s t .  the  f u n c t i o n s  o:? gu idance ,  navi .g-at ion,  
autopi 1 ot i .ng  , and s imple  s c l f - t c s  t i n g  :Ter which computers  a re  
used in t-he Ape110 prograril. Gruman and  Schaeiirilaii" ~ . C S  cr-iI.izd 
sorile of t h e  a d d i t i o n a l .  func- t ions  f o r  which sup,;Jort could  be 
p rov ided .  Aniony t h e s e  f u n c t i o n s  a r e  a v a r i e t y  of ways i n  which 
t h e  coinputer cou ld  be  used to a i d  i n  spaceLornc  e>:p?rj m e n t a t i o n ,  
j -nc luding  mon i to r ing ,  conf idence  test.j.ncj , c o n t r o l ,  and p~oc:es:.;-- 
iiig of exper iment  d a t a  for t r ans in i s s ion  to ear th o r  f o r  d i s p l a y  
t o  a s t . ronau t s .  Using t h e  computer f o r  tasks l i k e  t h e s e  r e s u l t s  i n  
r e d u c i n g  t h e  amount of t i m e  t h e  crew must spend o n  imnotonous jobs  
aiid i n c r e a s i n g  t h e  information/band~r. idth ra-kio . 
s i b l e  exper iments  t h a t  would not even he c o n s i d e r e d  wi t l i ou t  t h e  
a v a i l a b i l i t y  of a computer. 

I t  may make PO.-,- 

T h i s  memorandui-n d i s c u s s e s  SOi'iIe of t h e  s e v e r a l  ~i7ays 011- 
board computers can  he used  t o  enlian.cc exl'ei_i.i.lien.~ation i n  space . 
Examples a ~ e  used. t o  i l l u s t r a t e  t h e  f e a s i h i l - i t y  of u s i n g  a 
computer and to i n d i c a t e  the wic ie  rancjc of computer r e y u i r e m e ~ l t s  
which 111igIl-k c 2 r7.S ' '2 

GU i d e 1 i n cs 

Thj s memorandum i.s concerned v ? i i  h exper iments  o n  pos t-- 
Apollo A p p l i c a t i o n s  Program manned space f l i g h t s  i n  e a r t h  o r b i t  
or on p l a n e t a r y  m i s s i o n s .  Because of t h e  n e c e s s a r i l y  vacjue d e f i -  
n i t i o n  of exper iments  and o p e r a t i n g  p!iil.osop!iy €or t h e s e  inissioris , 
i t  was n c c c s s a r y  t o  makc many assumptj.ons ; the  reader ' s forbear-  
ance  i s  r e q u e s t e d .  

* " Fun c t i ona 1 Rcq u i r erilc 11 t s f or S p a ce 1-1 osn  e Coinpu t c r s o 11 
Advanced Manned Miss ions , "  E .  L. G r u m z n  and P .  S .  Schacnnian, 
Proc .  of Spaceborne M u l t i p r o c e s s i  rig Scrninar , NASA E l  e c t r o i i i c s  
Rcsearcl~ C e n t e r ,  Cambridge, Massachuse t t s ,  October  31,  1 9 6 6 .  

, . . ~ ,  . . . .  . ... - . - 
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E s  t i r n  2-2 es o f comp~r-iia'ci 0 1 1  al c &pal) j- 1 i t y  w i 11 be expr e s s ed 
i n  terms of t h c  r-equ.i.red n i m k r  of vmrct:; of rricri7.oiy and t h e  re- 
q u i r e d  lIuj<iiher of o p e r a t i o n s  p e r  second.  The number of xr~crriory 
w o r d s  i s  c a l c t i l a t e d  a..r;suIning t h a t  each  word has  3 2  b i t s .  T h e  
nu.iiiber of o p e r a t i o n s  p e r  second is t h e  number oT e q u i v a l e n t  add 
timss r e q u i r e d .  Also, e s t i m a t e s  of o p e r a t i o n s  per second assume 
t h a t  a machine w i t h  approximate ly  5 0  i n s t r u c t i o n s  i s  a v a i l a b l e .  
Two t y p i c 2 1  i n s t r u c t i o n  l i s t s  are g i v e n  i n  Tab les  l a  and lb. 
N e i t h e r  ineinory es-Limates nor  speed. e s t i m a t e s  i n c l u d e  any a l l o t -  
ment f o r  computer e x e c u t i v e  func-Lioris ; no p a r t i c u l a r  machine 
c o n f i g u r a t i o n  i s  assumed. 

T h e  e x m p l e s  d e s c r i b e d  i n  this memorandum show t h e  
f c n s i h i l i t y  of pei:foniii~g various levels of ~;cji i i~~L!t. ir ; i .L5-0ii  oiiboarc? 
t h e  s p a c e c r a f t .  For some of the examples ,  it w i l l  b e  obvious  
t h a t  the COinp~~.te~: s u p p o r t  s1ioul.d be  pr:ovidcd i n  space; f o r  
o the i - s  I it rimy seem t h a t  t h e  s u p p o r t  coul.ci be provide6 on t h e  
ground. 
such  factors as the d o l l a r  c o s t ,  t h e  ava i lab1 .e  corimunication 
s y s -ten (rim x h G i i 1  b ai-iiiwidth , co IS t-. j. j iuli. 'iy I re 1. i ij 1.1 j- 1- ri ty an3 du:r a t j- on 
of s p a c e c r a f  t c o n t a c t  w i t h  e a - t h )  , and l e n g t h  of time n e c e s s a r y  
f o r  a message t o  t r ave l  t o  the spzcec i - a f t  (ground d e l a y s  2n.d 
speed  of l i g h t  are b o t h  f a c t o r s )  e The experiments chosen  as 
examples s e e m  t o  be good candk6ates  f o r  sv!pI2ort by spaceborne  
computers . 

Th.e f i n a l  d e c i s i o n  should be the rcsul-t of a s - ~ I J . ~ . Y  of 

None of thc examples has  a n  e x p l i c i t  d e s c r i p t i o n  of 
man ' s r o l e  i n  t h e  experiment.  
m e x i t s  w i l l  p robab ly  be t h e  au i-oinatic mode. 
main tenance  I reevicw experiment  dc?.ta, ad  j u s t  equipiiicnt and take 
advantagc  01 uncxpected  evmits . 

T h e  orciinalry niodc f o r  the experj.-- 
Man w i l l  p r o v i d e  

11. 

O n e  of t h e  sevcrzl  i m p l i c a t i o n s  o f  u s i n g  computers  i s  
t h a t  t h e  demands on crcw time may be  r educed ,  pe rhaps  t o  t h e  
p o i n t  where t h e  number of crewinen c o u l d  b e  reduced .  
t h e  computer would per form many of t h e  r e l a t i v e l y  r o u t i n e  t a s k s  
and al?.ow the crcw t o  perform o n  a h i g h e r  j .n teJ . lectual .  level. 
The c r e w  s p s y c h o l o g i c a l  adjustrnent  t o  working i n  i s o l a t e d  
q u a r t e r s  w i t h  a smd-3. number of  peop le  w i l l  be  e a s i e r  5.f t a s k s  
t o  be done are n o n - r o u t i n e  and non-boring . 

A t  l e a s t ,  

I n c r e a s e d  f l e x i b i l i t y  shou ld  r e s u l t  from using- compu- 
ters i n  experi~nen.ta.t_i.on. After l aunch ,  for i n s t a n c e ,  i t  might  
b e  possj-h 1.e t o  ch;i.nge a sarnpl-ing r a t e  after t h e  expei:imcnter 
h a s  had a cliaiicc; t o  rev iew h i s  ini.tia.1. d a t a .  He mj-ght even 
change t h . c  nethoci by which the computer p r o c e s s e s  h i s  da- ta .  



Before I.aunch, sofi-.v;s-:?:c cii.11 be changed v5.thou.t t h e  
conce rns  of  we igh t ,  vol.u.me a i d  power consumption that nornial1.y 
accompany t h e  replacement cf a hnr.d.ware u n i t .  Or' c o u r s e ,  s o f t -  
ware changes are n o t  easy t o  li:,~.Ice, e s p e c i a l l y  i f  t h e  n.eed f o r  
ex t r eme ly  hi:h r e l i a b i l i t y  dictatez c , . t e n s i v e  r e v a l i d a t i o n .  L1,t 
i f  exper jmcnt  s o f t w a r e  can  b c  separated fro117 f l i g h t - c r i t i c a l  
sof t.ware and if each  experiniei2.t s softw;i:ce can  be s e p a r a t e d  f x o m  
t h e  o t h e r  ' s ,  a degree of v a l i d a t i o n  cOii.Llnel>Surate w i t h  tlie e x p e r i -  
m e n t  s import-.mce to the  inission can be performed.  

Use of computers  m y  resu.1.t i n  rel2.t ivel-y l e s s  ha-rd- 
ware onboard t h e  s p a - c e c r a f t  . ' i 'his would be  particularly t r u e  
a s  rnul t ipurpose  sensors a r e  used  inore and more, so t h a t  i n  t h e  

l i m i t ,  t h e  ni!h exper iment  might. consist of sj.mply a conputer  
p r o y r ~ t ~ .  Thus , expcrj i!iei-i-tcr.-s v:ould h11.iI d f ei.ii-1r coaiplex e 1 . e ~ -  
t i ron ic  packages t1ia.t had t o  be space aual-ified S i n c e  ther-c 
would be less hardware, t h e  h a ~ . d w u - ~  r e l i  a l s i l i -ky  woulci be i n - .  
c r e a s e d .  fi1i.ssi.m p r e p a r a t i o n  tiines woulc3 -tei?d t o  1 . x  s h o r t e r  
s i n c e  , for scme of t.lie l e s s  cri-i-.j.cal prc)yra.ins , the computer 
progsaiiuiiincj coul d coniAnue cl. oser t o  1 aunch t i m e  t h a n  harcivarc 
qua l i f i c a t  i 0i.i . 

The e x t e n s i v e  u s e  of c7 computer i n  experi menl;ation 
will have an i n f l u e n c e  on the design of tlie ccmputeu itself. 
The heavy r e l i a n c e  on t h e  caiipv.kex- w i l l  h e  a f a c t o r  i n  d e c i d i n g  
between a d e c e n t r a l i z e d  and c e n t r a l i z e d  system and w i l l  also 
a f f e c t  o t h e r  d e s i g n  f e a t u r e s .  F o r  insi-ance,  one d e s i g n  f e a t u r e  
m i g h t .  he the c a p a b i l i t y  t o  bypass  t h e  computer system (or  a-i; 
least the proccss i .ny  par-t of the sys;iaii)  t o  provide raw data 
d i r e c t l y  froin t h e  s e n s o r s  . T h i s  fea.tui:e p c m i t s  some d a t a  t o  
be obtc?incA cvcn i f  t h e  ccmputer s y s t c n  f a i l s  or i f  the 
c xp er i m c  n t - r e 1. c? t e c3 s of twa L  ̂c prove s i 1.1 2.d c: qu a t.c . 
because  it reduces the r i s k  i nvoIvec! in re1.yi.n~~ sol c l y  O:I the. 
computer and it  makes some of the less  cj:.i.-i:ical soft .ware pnck- 
a g e s  expendable  and t h e r e f o r e  less tl-ire;:tc;niny t o  software 
d ev e I opme n t s c h e clu 1 e s . 

2: t i s d c s .i_ r a b 1 c 

Another d e s i g n  f e a t u r e  t h a t  may be  i n c o r p o r a t e d  t o  
h e l p  a l l e v i a t e  sof Lware management prublerns i s  a memory larg-e  
enough EO t h a t  t h e  s o f t w a r e  f o r  each exper iment  can be a s s i g n e d  
a s e c t i o n  of memory and written i.nc1eper~dcntl.y from t-lie sof t-ware 
f o r  o t h e r  expe r imen t s .  Even though t h i s  i s  qu i te  i n e f f i c i e n t  
i n  terms of memory use,  it i s  j u s t i f i e d  because of the result- 
i n g  s i m p l i f i ( ; i t i o n  of software man;ige::,mt. 



. .._ 

Computer requirement  s f o r  checkout  of e>;pcrili\c>!i ts de- 
pend on t h e  nurnbcr of checkout  tesi: p o i i l i s ,  the t - y p  o f  clieckouis. 
be ing  pcrformcd :iiid the frcqu-ncy v i t h  w€i j  cl: the cl~c-c:l;out i s  
perfor1ned D 
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expe r imen t s  , c? h i g h  nii;nl:er of sc iea t i f ic  d a t a  p o i n t s  per c x p c r i -  
r n e n C ,  s a y  50,  w i l l  be assumed. T h m  1 0 0  checkou t  p o i j ~ t s  pe r  
experilltent will b e  mon i to rcd ,  

The check0u.t p rocedure  i t-self  w i l l  b e  p a s s i v c  and will.. 
be si.mply t o  mrnpare a monitored va1 -u~  w i t h  ;?n a c c e p t a b l e  v a l i i e  
and a range f o r  t h a t  val.ue. C;lhcri t h e  v a l u e  is o u t  of t h e  acccpt- .  
a b l e  r a n g e ,  an  ind icc l t i on  i s  g i v e n  t h a t  migh t  b e  s e t t i - n g  a b i t  
i n  a register o r  p r o v i d i n g  a.ri o u t p u t  t o  sound a n  alari!:. 

The flow c h a r t  f o r  such  a p rocedure  is shor;rn i n  
Fi.gure 2 .  An i n s t r u c t i o n  woulcl be needc-icl t o  (1) read the accepk- 
ab le  d e v i a t i o n ,  ( 2 )  read t h e  neasmed v a l u e ,  ( 3 )  fOi-r;1 t h e  d i f f e r -  
e n c e  b e t x e e n  the measured and aCCSptable v a l u e s ,  (4) compare t h e  
d i f f e r e n c e  w i t h  the a c c e p t a b l e  d e v i a t i o n ,  ( 5 )  s end  a n  output . ,  ( 6 )  
upda te  t h e  ii-dex r e g i s t e r  t.1ia.t l o c a t e s  the a c c c p t a b l e  va 1 - u ~  an$ 
d e v i a t i o n  and ( 7 )  cliccl~ an in t e i - i -up t  l i n e  to d e t e r m i n e  i f  chec;k-- 
o u t  should  contj-nue. To a l l o w  s ~ n e  f l e x i b i l i t y  i n  t h e  manner of 
performing t h e s e  operat ions , s t o r a g e  for twice this nv-~.nber of 
i n s t r u c t i o n s  c o u l d  be provided.  I f  1 4  words arc3 a1.3.ocated f o r  
-_-- each exper iment ,  t h e  programs c a n  be w r i t t e n  inciepciident1.y. The 
e x a c t  number i s  n o t  too impor tmt  beta-use it  i s  overshadowed by 
the  2 0 0  l o c a t i o n s  needed t o  s tore  an  a c c e p t a b l e  v a l u e  and a c c e p t -  
able d e v i a t i o n  for each  of t h e  1 0 0  checkou-l  p o i n t s  assumed t o  be 
i n  the exper iment .  Therefore ,  a reasonabl-e  r e q u i r e m e n t  i s  21.0 
words.  T h i s  nundoer would decrcc?.s;e if tlierc are  fewer checkout  
p o i n t s  and would i n c r e a s e  if a Inore complex p rocedure  is used. 

The number of opera.t.iorls r e q u i r e d  t o  p c x f o ? : ~ ~ ~  each  test 
disec t1 .y  a f f e c t s  t h e  checkout  speed r equ i r emen t .  U s h g  a grov.i>d 
r u l e  that a.n exper iment  1ia.s t o  bc: chccked out.  once each  mri.~~utc?, 
performing 7 t o  14 operations on cacli chcd.;ou.k t e s t  p o i n t  wou1.d. 
m e a n  t h a t  nboi1.t 1.2 -LO 2 1  operaiions pel: secund  &.re i recpircid.  
Reinanbering t h a t  n o t  all i n s t ruc t r ions  wiJ-I .  b e  performed each  
time, 10 o p e r a t i o n s  p c r  test p o i n t  i s  a reasonable estimate, 
r e s u l t i n g  i n  a requi rement  of 1 7  operations p e r  secondl. This 
nuinbecr i s  v e r y  s e n s i t i v e  t o  t h e  nvrxber of checkout  p o i n t s  and 
t o  the t i m e  t h a t  i s  a l l o c a t e d  t o  each  checkout  p rocedure .  

C o n t r o l  of exper iments  by computers  c a n  be open loop 
o r  c l o s e d  loop. , it  can range f r o m  simple sequenc ing  or mode con- 
t r o l  t r i g g e r c i  by a paramzter r c a c h i n y  ci p r e s e t  va lue  through 
coiiiplex t e l e s c o p e  p o i n t i n g  t o  u s t n g  rcsults of p a t t e r n  r ecogn i -  
tion o r  s p e c t r a l  a n a l y s i s  for control d e c i s i o n s  e Some oi'. these 
ai:c described below. 

S eqv e n c i g  -- --.-I __ - 

Sequencing,  that i s ,  t u r n i  ng expej:j.ments on and off as  
t h e  mission p r o c c d s  I can  he  a c m p l e x  o p e r a t i o n .  Fact-ors  such  

.. ... . -.. _. ..... . . .. .. . ... - ~ -  -- - . . -. ~ -.... . . , ----  -. ~ - . - - ~ 

. . 
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as a restrsj.nt on pcak P O T : ~ ~ ,  the t o t a l  power avsj.l-;.bl.tl Fnd 
p h y s i c c l  j-nterfcreibce with a Sei lSOr by a n o t h c r  sensor r c s v l t  i n  
i n t e r a c t i oils b e t w  e c 11 e x  p e r j-1 nen 1: s aizr l  o t 11 e r s y s “Lcm s 

I f  t h e  complex process t h a t  co11sideiis t h e s e  a n d  o t h e r  
f a c t o r s  can  b e  done on t h e  grouizd t o  d e t e r m i n e  a s h p 1 i f i . e d  t i m e  
l i n e  for u s e  onboard t h e n  t h e  oxhoard computer  cc7n be used  f o r  
tlie s i m p l e  t a s k  of t u r n i n g  each of t h e  expeshents  o n  and oZf a t  
prede termined  t i m e s  I t  would p r o v i d e  t h e  f u n c t f o n  perfo:i:med. by  
t .he sequence r s  t h a t  a r e  sometimes used on urmanncd satellr i tes . 

The advan tages  of u s i n g  t h e  onboard compt?k:,:er t o  perform 
even t h t s  s imple  f u n c t i o n  are (1) t h e  f l e x i b i l i t y  of be ing  able 
t o  make i n f l  i g h t  changes t.o t h e  p redc tc rmined  seyuciice , arid ( 2 )  
t h e  r e d u c t i o n  i n  hardware r e s u l t i n g  fron r e p l a c i n g  an  e x i s  k ing  
sequence r  w i t h  t h e  compv t e r .  

The c o s t  i n  t e r m s  of speed and me;nory requj-rements  i s  
small s i n c e  t h e  r e q u i r e d  onboascd sys tcm cczn be v e ~ y  sirnp1.c. 
For  i n s t a n c e ,  a r e a l  time c l o c k  c o u l d  hc conpared  wj.th a monj-t.or 
r e g i s t e r  c o n t a i n i n g  t h e  time t h a t  t h e  rlext on  or off a c t i o i i  i s  
n e c e s s a r y  and , perhaps  , i n f  or:mati.on about t h e  t ~ p e  a c t i o n  neces-  
s a r y .  A c o i n c i d e n c e  between tlie c l o c k  and t h e  r e g i s t e r  would 
c a u s e  an  i n t e r r u p t .  The proper  cont ro l -  s i g n a l  would be sent and 
t h e  i d e n t i f y i n g  word for t h e  n e x t  a c t i o n  would be s t o r e d  i n  the 
monito3: r e g i s t e r .  

E a c h  exper iment  w o v l c i  r e q u i r e  2 d a t a  words for each 
event assoc iaLed w i t h  the cxpcrSincnt O n e  would al-vays be 
nccdcd t o  i n d i c a t e  the -- t h e  that. act?..on is t o  h e  injt-.j.a-ted, and 
a n o t h e r  migh’c bc n e c c s s a r y  t o  indjccatc  Ll ie  I type - -- of acti.on t o  he 
t a k e n  i f  no b i t s  i n  t h e  t i n o  word are a v a i l a b l e  f o r  this u s e .  

The program would r c c j u 5 . r ~  a!i i n s t ruc . t i . on  v70rd  f o r  each  
of the f o l l o w i n g  o p e r a t i o n s :  

2 .  r e a d  t h e  c v e n t  nuinl~er r e g j . s t e r  ( t h i s  i s  a memory l o c a -  
t i o n  t h a t  i s  incremcn::cd by l. each t i m e  a sequencing  
i n t e r r u p t  o c c u r s  1 , 

3 .  based. on t h e  nurnhcr i n  tlie event nu.iiiber r e g i s t e r ,  
read t h e  word t h z t  p e r t a i n s  t o  t h i s  e v e n t ,  

4 .  send t h e  a p p r o p r i a t e  c o n t r o l  s ignzl.  

5. store i n  t h e  monitor  r e g i s t e r  the word .i.nr%_cat-..iq the 
time t h a t  t h e  next event shou1.d t.alce p lace ,  

6 .  increment  and st.ore t h e  event nu.inbe:c. 
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T h i s  program cou1.d h e  sha.red by all the experiments , 
b u t  t o  b e  c o n s e r v a t i v e  and t o  pei-mj.L each program t o  be v w i t t e n  
i n d e p e n d e n t l y ,  each  experiment  w i l l  b e  a l l o c a t e d  6 i n s t r u c t i o n  
words and 2 dLj-a words.  Doubling tl-1; rA:Jmher of i n s t r u c t i o n s  t o  
c o v e r  any bookkeeping t h a t  might be n e c e s s a r y  gives 3. t o t a l  re- 
qu i r emen t  of 1 4  words p e r  experiment .  

The r e a l  t i m e  requirement-s f 01: t h i s  funct j -on depend 
on t h e  time t h a t  can  be p e r m i t t e d  between two c o n s e c u t i v e  e v e n t s .  
Assuming t h a t  t h e r e  i s  a t  l e a s t  1 second 5etween i n t e r r u p t s ,  o n l y  
one e v e n t  o c c u r s  w i t h i n  tha t  second,  and 1 0  of the 1 2  i n s t r u c -  
t i o n s  are  performed f o r  each  e v e n t ,  t h e  r e a l  time requ i r emen t  i s  
10 o p e r a t i o n s  pe r  second.  

Mode C o n t r o l  
___-._______ 

Modc c o n t r o l  i s  s i m j l c l r  t o  sequenc ing  e x c e p t  that-  i n -  
stcind or' €allowing a prede termined  s c t  of steps, actio11 niay b e  
i n i t i a t e d  by o u t p u t s  from o t h e r  onhoard sensors o r  1317 the  output 
of t h e  s e n s o r  whosc mode i s  being chamgcd. 

C o n t r o l  of a camera o f f e r s  an  example of this t l 7 p  of 
c o n t r o l .  The c r i t e r i o n  f o r  t u r n i n g  on t h e  camera may be t h a t  
t h e  s p a c e c r a f t  i s  o v e r  l a n d  a r e a s ,  or, even more s imply ,  t h a t  
theire i s  no c loud  cove r .  Assuming t h a t  the c l o u d  cove r  c r i tc -  
r i o n  i s  used, and t h a t  t h e r e  i s  a cl.oud. cove r  s e n s o r  a-v;r..il.able 
onboard ,  t h e  c o n t r o l  f u n c t i o n  i s  i a i r l y  s:i.mple. I n  f a c t ,  the 
s i g n a l  i n d - i c a t i n g  c loud  cover is a n d o g o u s  t o  t h e  i n t e r r u p t .  
s i - g n a l  i n  t h e  example of sequenci.n.g d i s c u s s e d  above. T h e r e f o r e  
t h e  same est imates  wou1.d apply .  Tha t  i s ,  t h e  r equ i r emen t  i s  
14 memory words p e r  expcr i rmnt  and 10 o p e r a t i o n s  pcir second. 
These r equ i r cmen t s  r e s t r i c t  t h c  mode con-Lrol t o  beincj a s i m p l e  
r e s p o n s e  to a s imple  s t i m u l u s  and does n o t  i n c l u d e  sucli t h i n g s  
as c a l c u l a t i o n  of a -rate o r  an a v e r a g e .   or i n s t a n c e ,  i f  a 
s e n s o r  i.s t o  be t u r n e d  on when t h e  s p a c e c r a f t  i s  o v e r  Long 
I s l a n d ,  New York , t h e s e  requirernents  p r o v i d e  f o r  doj.ny so  upon 
r e c e i v i n g  a s i g n a l  froin t h e  guidance and n a v i g a t i o n  sys t em.  
They do n o t  p r o v i d e  f o r  pos i t5  on cal .cu3.ation. 

Advantages of usj-ng n computer t o  per form t h i s  func-  
t i o n  i n c l u d e  t h e  c a p a b i l i t y  t o  base t h e  c o n t r o l  d e c i s i o n  on 
pyoccssed _I_ d a t a  from a n o t h e r  s e n s o r ,  and t h e  r e d u c t i o n  i n  hard-  
ti7are t h a t  rest.? ts from us ing  a cor~ipu'ier r a t h e r  t h a n  b u i l d i n g  a 
s p e c i a l i z e d  component t o  perform t h e  job. 

Sequencing and mode c o n t r o l  a r e  two simple t y p e s  of 
c o n t r o l .  t h a t  cou ld  be used  wi th  m m y  expc r imen t s .  Three  o t h e r  
exampl-cs of c o n t r o l  for s p e c < . f j  6 cspcr<mcuts arc d e s c r i b e d  i n  
the appendix t o  show t h e  wide I-anqe of reqiij.reinc11ts that ~ x i r j l i t  
a r ise  from exper iment  c o n t r o l .  
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O r i e  of thesc---chooslng amony s p e e j  inens by a n a l y z i n g  
the gamm-ri:y spcc ts :~  produced by c x c i t i n y  their nucl ei-- 
~ : e s u l t . ~  i n  a n  es t imated reCpi.i:.em~~ii'i of 20 , O C 0  wor-ds of rn:2ii101:y 
a-nd 200  o p e r a t i  011s p e r  second.  P,ncJ.Lhcr exanple, r e q u i r i n g  3 , OOP 
memory words and 1 2  o p e r a t i o n s  per secolld, i.s a t y p e  of poj.ntj .ng 
c o n t r o l  t h a t  might  be encountered  on a p l a n c t a r y  miss i -on .  The 
th j - rd  example i s  solar f l z r e  seirs ing T h i s  requ.ri.res 1 0  , 0 0 0  
words of rnemory and 7 0 , 0 0  0 operua-Lions p e r  s econfd 

One of t h e  ways t h a t  computers  can be used  for e x p e r i -  
m e n t  c o n t r o l  i s  t o  p r o c e s s  d a t a  and pjrovidt3. d i s p l a - y s  t o  the 
a s t r o n a u t s .  Experiment data might  b e  p r e s e n t e d  as c u r v e s  I 
h i s t o g r a m s ,  compara t ive  ave rages  from several s e n s o r s  o r  o t h e r  
forms f o r  eva l .ua t ion  and dcc i s lo i l  making by t h e  astronafi-ks . 
Wiiat anount of processi .nS i s  solel-y f o r  d i s p l a y s  V J h T i t  unj-que 
p rocess i . ng  needs t o  be done a n d  what I;j.iids of d.i.splzjTs ai:e 
n e c e s s a r y   re t o p i c s  vmr-khy of scparzte  s t u d y  and vr i l . 1 -  n o t  he 
f u r t h e r  d i s c u s s e d  i.n this lilej-i~o~~,-c?lld~l.ril. 

The b i t s  of experimeiiL data t e le i t ie te red  t o  tlie ground 
du.riiig a s p a c e  niissioii g e n c r a l l y  r e s u l t ,  a f t e r  a n a l y s i s  , i n  a 
sma l - l c r  number of i n f o r m a t i o n  b i t s .  I f  some of the analysis 
can be done on board the s p a c e c r a f t ,  i t  may be p o s s i b l e  t o  send 
down more i n f o m a t i o n  w i t h o u t  i nc reas ing  t h e  1iizml~)ejr of b i t s  
th3.t  are t r a n s m i t t e d .  

Photographs a r e  one 0 2  t h e  v e r y  bj.cJ9es-k con .k r ibu to r s  
t o  t l ic d a t a  qcner-ated on hoarci the spacecraft. The p o l i c y  f o r  
h a n d l i n g  photographs  a ~ i . 1 . 1  di rec-Lly  inf l .uencc  t h e  v a l u e  r ~ n d  t h e  
d e g r e e  of d a t a  coinpression and reduct ion methods that ai-e 
a p p l i e d  t o  the d a t a .  If a fcw r;c!.cci-.c:! phc tos  a r e  transmitted 
t o  e a r t h  and t h e  res-i. a r e  saved and p h y s i c a l l y  returned to e a r t h ,  
compression and rcductj-on of o t h e r  d a t a  cam be  worthwliil-e . I f  
a1.l or  n e a r l y  a l l  photos a r e  t r ansmj . t t ed  t o  e a r t h ,  t h e n  the 
savi-ngs r e a l i z e d  by comprc!ssion and reduction of the o t l i e r  data 
wi l l -  r e p r e s e n t  a smal.1. pe rcen tage  of t h e  overaJ.1 d a t a  t r a n s m i t t e d  
--- u n l e s s  these t echn iques  can a l s o  be a p p l i e d  t o  p h o t o s .  Whether 
t h e y  can o r  n o t  depends i n  l a r g e  d e g r e e  on whethcr enoiigli p r i o r  
knowledge of t h e  sizbject j.n t he  photo e x i s t s  t o  per1ni.t u s e  of 
ef f i c i e n t  r e d u c t i o n  t echn iques  . 

Keepiiig i n  mind t h i s  viord of c ~ u t i o ! ? ,  d a t a  compress ion ,  
v a r i a b l e  sampling a.nd d a t a  r e d u c t i o n  are  d i s c u s s e d  below. 

Data Conq-scs  s i o n  
- ~ I  

Data compression i.s def ined .  h e r e  as all t h o s e  t e c h -  
niques which a l l o w  for recovery  of the raw d a t a  except v a r i a b l e  
sampl ing ,  which i s  dj.scussec1 i n  the n e x t  secti.on. O t h e r  terms 
t h a t  have been u s e d  t o  descr j -be  the t y p e  of a .nsl .ysis  d i scussec l  
i n  t h i s  sectj.on a r e  d a t a  compaction and redund.ancy r e d u c t i o n .  
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Tvo d a t a  compressioil techni ques zrc: p r e d i c t i o n  i i l~d 
i .n te iyol .a t j_on .  EO th of thcs e t.ec:haiques a l low omiss ion  cif 
samples when the samples can hc ifii.pl.i.cd. by thc v a l u n  of pyeced- 
irlg or succeed ing  sax?les,  aloricj v i t h  a n  assurilcd p r o g r e s s i o n  of 
values  . g: I n t e i i J o l a t o r s  o b t a i n  severa.1 scimp1.e:; Find. cieter:rctine 
the b e s t  v a l u e  betwecn the  end points, as tjcll as how f a r  apart 
t h e  end p o i n t s  shou ld  be, assuinii-lg that the p o i n t s  fol-lcw a 
curve d c s c r i b 2 d  by a polynomial I Precli  c to r s  s imply  assuI:ic t h a . t  
a value w i l l  follow a polynomi.al and chec:k t o  see i f  the sc?n-pl.ed. 
va1u.e i s  wi.khin p r e s c r i b e d  bounds ~ T h e  polynoiniL. 1 t h a t  the 
v a l u e s  are  assumed t o  fo l low ca.n i n  eitliel: c z s e  be zcro order  ( a  
h o r i z o n t a l  l i n e )  , f i r s t  order ( s ixa ig l i i  l i n e )  o r  hi-gher. 

The number of o p e r a t i o n s  pcrfoniied on each  incoxiring 
sari@l.e w i l l  be abou-L LO on the avevacje s i n c e  i n  nmny cases t h e  
cornparison will r e s u l t  i n  t h e  shortcr. r o u t c  i n  F’i.c_lurc 3 being 
followed. ‘Yhc r e a l  t b e  conputer  requiremeiit wi.11. he di.rectly 
pi-opoi-tj.ol-la1 to the sai-icplirq ra.i.c I 1 ~ 1 i i c : h  c3.i-i \ T c i j : y  fi^OiiI 01-i~: 

sample every  few seconds t o  t h o u s a 7 d s  of samples  each scc:i:ri.oi~. 
A t y p i c a l .  ra t . e  i s  5 0  sarnpl.es pe r  sec:oisd, resi.iJ.ting i n  a r e q u i r e -  
ment of ti00 opcrat:iorrs p e r  second. 

Compressioii t echniques  can be mucli more compl~e:; t h a n  
t h i s  p r e d i c t o r  e To show the range o E  r equ i r en ien t s  t h a t  m:i.ylit 
a r i s e ,  a ground-based systein o p e r a t e d  by Environmental  Sciences 
S e r v i c e  A d m i n i s t r a t i o n  was s“iudi.ed e T1ii.s systcrti, d e s c r i b e d  i n  
t h e  appendix ,  r e q u i r e s  an estimated I., 150 words and. 1.400 opera- 
t i o n s  pel- second to moni tor  each of 60  channels and a t t e n i p t  t o  
fj n d  sonic c o r r e l a t i o n  between tl-ic da t a .  
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case d.c:,scri.bed i n  t h e  p r e v i o u s  section, t h e  r?lte r[iur;i; be hicjh 
enough t o  a.ccomnodate the h i g h c s t  infoxrriati on r a t e  rrom t h e  
s e n s o r .  I f  t h e  inforiiia.tion r a t e  from the s c ~ i s o r  i s  n o t  aIli.jays 
t h e  sate,  the htgh sampling rate ~:esu l t - c  i n  sox& d e g r e e  of 
redundancy The d e g r e e  of redundancy i n c r e a s e s  a s  t h e  inEornia- 
t j . o n  r a t e  d e c r e a s e s .  
r a te ,  t h e  redundancy can be reduced.  

If i t  i s  possible t o  v a r y  t h e  sa inpl ing  

A v a r i a b l e  sampljng SystCiII i s  described i n  t h e  a-ppen- 
d i x  and the c o n c l u s i o n  i s  rcached t h a t  i n s t e a d  of v a r y i n g  t h e  
scampling rtzte a t  t h e  s e n s o r ,  it i s  b e t t e r  t o  s e x e  a t  a h i g h  
r a t e  and u s e  t h e  compater  t o  detezlninc t h e  r a t e  a t  which the 
i n  Tornmtion i s  r e t a i n e d .  

Data reduct ion ,  a s  d e f i n e d  hei-e, i s  p r o c e s s i n g  of 
d a h  r e s u l k i n g  i i i  an irreversib1.e change of f o l ~ i  or’ t h e  o r ig -  
i n a l  d a t a .  T h i s  t y p e  of processi-ng promises  t h e  g rea t e s t  in - -  
crcc?ses i n  the ii-iforn~a.tioii/h,?.ndtrii!~h r a t i o ,  b u t  a l s o  rep7re:;ents 
t h e  n u x  t dxas t i c :  depa.rtux-e from t.he pr8,ct ics  of transmit:ti.nc: 
a l l  raw data  t o  e a r t h .  

T n e  r e d u c t i o n  t h a t  is pex-formcd i.s e n L i r e l y  depeiiclent 
on the p a r t i c u l  c?r exper iment  and it i s  t h e r e f o r e  d i f f i c u l t  t o  
g e n e r a l i z e  t h c  computer. requirements . To 0b’caj.n a n  idea  04 t.he 
r a y e  of r equ i r emen t s  t h a t  m i g h t  z r i s e r  three exainpl-es of da t a  
r e d u c t i o n  are d e s c r i b e d  i n  the  app,cndix .I 

One of t h e s e  j.s the anal.y.sis of rriul-t~~spcctral data  
t o  d c ~ ~ e r n ~ i n c  larid use.. I f  t h e  analysis i s  done c o n t i n u o u s l y ,  
the  requircincii t  i s  I., 0 0 0  words of r‘icmory r4.11d 5 0 ,  000  oper;l . t ions 

sponding  t o  b e i n g  over l a n d ,  f o r  i n s t c n c e ,  “ihcii t h e  spced  re-- 
qu i remen t  can  b e  reduced  t o  2 5 , 0 0 0  operatTons p e r  second by 
add.ing a b u f f e r  t h a t  i n c r e a s e s  the  meii?ory requi.rement to about  
1200 words. 
an  a u t o c o r r e l a t i o n  of rnagnetic fie3.d measuremen-ks r e s u l t i n g  i n  
a r eyu i r emcn t  of 1 5 0  words of memory and 340  operations p e r  
second.  The t h i r d  c.xa~1p1.e is t h e  r e d u c t i o n  of d a t a  from a 
p_la.sma expe~:imen-t, r e s u l t i n g  i n  a rec~uiirement of 140 words of 
memory and 1 4 0  o p e r a t i o n s  per second. 

per seco~- id .  If the a ~ l a l y s i s  is 0iily doiie ha-lf the t in ic,  cojcre-- 

The sccoiid exanplc  dcscr3hcd i n  t h e  appc.ndi.s i s  

What w i l l .  he the  expe r i r t i e i i t s  pacl:zgc on a n  advanced 
taiat experimcnt fui1ction.s wi1.1 the coiiiputex perform? m i s s i o n ?  

These  q u e s t i o n s  ~ J . X  not eas i . l y  answered. 
evol-ves over a ].on3 p e r i o d  of time and i s  sel.do~!i well- d e f i n e d  
i n  e a r l y  planni.i-jg s t a g e s ,  A l t h c m c j h  there are no d e t z i l . . ~  of the 
s p e c i f i c  experiments , a h a l l p a - r l c  y 1 1 . c ~ ~  a t  the. ntmloer of expjcri- 
rnei1.C-s producing .analog or drj g - i t a l  6 a - k  i s  a.boLi=-i-.-.- This i s  t h e  

A n  experi.mcnta package 



The f u n c t i o n s  that the computer riii.cJ-ht perform axe 
such  general f u n c t i o n s  a s  checkout ,  s equenc ing ,  m o c k  con-ixol- 
an6 simple d a t a  c o x p r e s s i o n  f o r  al.1 t h e  expe r imen t s  A l s o ,  
there may be part i .cul .ar  exprrimr-.ni:s f 01: which t h e  coixputer 
m i g h t  perform f u n c t i o n s  of t h e  S & R \ ~  coinplexi ty  as t hose  de- 
s c r i b e d  i n  t h e  appendix .  T h e  compu.t.er r e q u i r e m e n t s  f o r  these 
general  f u n c t i o n s  and the  s p e c i f i c  exainplcs are  suiiii.tmrizec1 
i n  Table 2.  

Thc dcgrcc ci' C C C K I ~ U ~ E C  supporit f o r  o;pci:'-i.Ineiits de-- 
pends i n  part on t h c  s~nsunt of coi?iputa~~i.ona~. c a p a b i l i t y  a v a i l -  
able. Prescnt---day aeriosi7ace coaputers can be o b t a i n e d  w i t h  
131.K worcis of xnernory and capable of 3 0 0 , 0 0 0  o p c r a t i o i i s  p e r  
second. ;': A s  shown i n  Table 3 , simple d a t a  comp~:ession, mode 
c o n t r o l ,  scquencinq and ~ I i eckou~L can be provi.ded f o r  a l l  5 0  
e x p r i r n e n t s  by u s i n g  a l i t t l e  riorc t h a n  1.0% of t h e  s t o r a g e  
c a p - c i t y  and only about 9 %  of t h e  speed  capabi.1.ity of a c u r -  
r e n t l y  a v a i l a b l e  computer.  Bear i n  m i l i d  t h a t  no all-owance 
was made for an  e x e c u t i v e  program o r  b u f f e r r ;  and t h t r t  a cur-- 
r e n t l y  . a v a i l a b l e  conpu te r  w i t h  a 1 ~ ~ C i ~ i ) o L y  of 1 3  IK words wou1.d be 
sorncwhat bull;y--.about t h e  s i z e  of two f ilc cabi .net  drawers. 

None the le s s ,  i t  appczrs t h a t  v i t h  am e:.:is.ti.ncj com- 
p u t e r  it i s  f e a s i b l e  to pi-ovide S u d i  c j c y i e i - a l  L'ul1c-iioilS for 
all-  exper iz ien ts  on a m i s s i o n ,  I f  a c u r r e n t 1  y avail-able compu- 
t e r  i s  cicdicatect for u s e  w.i.tl1 cspei:j.ment,c;, i.t appe:-!-!':s fc;lsf.ble 
t o  do o t h e r  f u n c t i o i i s  as well. 'i'lie coinplex3:Ly of these o t h e r  
funcLj.ons may h e  si.n~.i-I.ar to t h e  ~xc ' . r i i~Ies  c1escr:i bed i n  t!ie 
appendix .  For  e x ~ n i p l e ,  i f  a procedure as col'i1p1.e~ as  t h e  a n a l y -  
s is  of rock  s p e c - t r a  were a.ddcd f o x  two experiments, t h e  r e s u l t -  
i n g  overall r equ i r emen t  would be 52 , 9 0 0  romnory v7ord.s and 2 7 , 2 5 0  
o p e r a t i o n s  p e r  second.  A l t e r n a t i v c l y  , t e n  expcri.ments mi. ght be 
p rov ided  w i t h  a d d i t i o n a l  compi Ler p r o c e s s i n g  as coi-npIex as the 
ESSA system and another t e n  m i g h t  have ac 'd i t iona l  p r o c e s s i n g  as 
complex a.s the j . n txmni t t en t  land  a -na lys i s  esaiople. T h i s  r e s u l t s  
i n  a t o t a l  r equ i r emen t  of 3 6 , 4 0 0  memory words and 2 9 0 , 8 5 0  o p e r a -  
t i . ons  per second # There are  of course i-~i;:ny o t h e r  comb:i.natioiis 
of f u n c t i o n s  t h a t  could  be  per-forilied wii:?.iout exceeci:i.ng t h e  capa-. 
b i l i t y  of the coinputex. 
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A spaceborne com2uter ctP the  rfiid-1970's c a n  be ex-- 
pec-Led to hzve 3,000,000 incniory ~ o i ' d ~ +  and to be capable of 
2 , 0 0 0 , 0 0 0  o p e r a t i o n s  per  second,  { ~ ' f c  

t i o n s  f o r  all t;..peifirncnts u s i n g  a COznpL7;2r w i t h  t h i s  c a p a b i l i t ,  
would u s e  less t h a n  1% of the storag-e c a p a b i l i t y  and 1% of t h e  
speed czpability . Table 4 shows the coifipu.ter requirement f o r  a 
m i s s i o n  on which  g e n e r a l  f u n c t i o n s  are  performed. f o r  all 5 0  
expe r imen t s  and i n  a d d i t i o n  many tasks oLc the complex i ty  of 
those i n  t h e  appendix  are performed. 
capac:!'.ty and 2 0 %  of t h e  speed c a p a b i l i t y  i s  used .  D e s p i t e  a l l  
the  a s s u n q ~ t i o n s  i n  a r r i v i n g  a t  t h e  est_i.raa-ixs of requirencnts 
and Fn p r e d i c t i n g  f u t u r e  c o m p u t e r  c a p a b i l i t y ,  i t  i s  clear t h a t  
a spacehorne  computer c o u l d  s u p p o r t  a v a r i e t y  of f u n c t i o n s  f o r  
a l a i fye  nuniber of experj-ments on rxid-70 s mj.ssi.ons A l . s o ,  it 
i s  the av:thor E opinLon thn t  once e x p e r i m e n t e r s  become ful . l j7  
awa-rc  of the t.L:emmdous po ten t i a l .  f o r  u s i n g  t h e  spacchorlii= corn-.. 
p u t e r  s y s t e m  in experimentation, 3-11 of t h e  computer. c a p a b i l i t y  
t h a t  i s  availaJ3le w i l l  q u i c k l y  bcco:?ie used. 

'1'0 perform t h e  general  ftinc- 

Yet o n l y  4 %  of the storacje 

10 3 1- DOE- j dc 

At ta. c l m e n  t. 
Append j.x 
Fj.cjures 1 t h r u  G 
Tables 1 thru 4 

*The m e m o r y  c f i z e  is a n  e x i x a p o l a t i o n  o i  the p r o j e c t i o n s  
g i v e n  i-11 "Prcseiit arid F u t u r e  S t a t e - o f  -the-Ar t i n  Guidance COII I~U-  
ter Kemories , I' K .  C. K i c c j - ,  NASA TI1 D-4224 I NASA E l c > c t r o n i c s  
Rescarch C e n t e r ,  C a d x i d j c ,  Massachusetts , Nove,iiber , 1 9 6 7 .  



Several s p e c i f i c  exaq>le:s of ways computers can be used 
t o  a i d  czperiinen.ts  AI:^ descr ibed  13el.oi.j. Conpu.ter requirements i n  
terms of memory words and operai:ions p e r  second arc  e s t i m a t e d .  
While t h e s e  examples n i g h t  n o t  appea r  on a s p e c i f i c  n i i ss io i i ,  they 
i n d i c a t e  t h e  dLr ' fermit  p rocedures  t h a t  may be needed and the pos- 
s i b l e  r ange  of computer: requir-enicnts . 

One t y p e  of c o n t r o l  i s  czc:curc;tely pointing a tclesco;>o. 
In. the A p o l l - 0  Applica.iLons prog-;r"--" fer i n s t a n c 2 ,  a tcl.escope 5.:: 
p o i n t e d  a t  t h c  s u n  d u r i n g  certaiil periods . 
p o i n t i n g  cont-rol  t h a t  might arise on a p l ane t t a ry  mission i s  ac-- 
q u i r i n g  and  t3:aclrriny one of 1,lars ' two s a - k l l i t e s .  I n  <:his c:asc:, 
a telescope nO:Cli~.dly used  for o t h e r  obser.-vat:.ri CJ115 has t o  qu.i c1:l.y 
aiid e f f i c ri ei1-L l y  acclulr-e the  des i r ed  sa te l I . i t e ,  aiid t h e n  continue 
to t r ack  it. Even the tracking f u ~ i ~ - L i ~ ~ i  presents a s t r j . n g e n t  
requirement because of the proxbnity of t h e  s p c e c r a f  t t o  the 
sa t e l l i t e s .  

A n c t h e r  example or' 

The mcmory requi rement  i s  cstj-nmted t o  be 2 0 0 0  xoi-ds 
for i n s t r u c t i o n s  aiid 1 0 0 0  w o r d s  of data, o r  a t .o ta .1  of 3 0 0 0  
w0rd . s .  
needed t o  per form funct i .ons a s s o c i a t e d  wj.t.11 t h e  Apollo T e l e -  
scope P.lount i n  t h e  Apollo A p p l i c a t i o n s  rn iss ions  . * 

T h i s  i s  based on a prelirnj.n;x-y e s t i m a t e  of the memory 

Speed rcqulrements a re  determined by f j .nd ing  0u.t. how 
often c o n t r o l  signal-s mus t  be g i v e n .  O n  a slow e n c o u n t e r  rn.i_s-- 
s i o n ,  t h e  s p a c p c r a f t  w i l l  h e  moving ahoii:iz 4 .  5 kra/scc w i t h  re- 
speck t o  Mars, The speed of the f a s t e r  of t t .70 Mars' FLiOOjiS, 
Phobos, i s  about 2 I;m/sec w i t h  respect to Piars. I n  t h e  wci:s'i 
case, t h e  r e l a t i v e  v e l o c i t y  cf the sp8cecx-zf t  to Phobos wc?ul.d 
be 6.5 km/see and i n  t h e  bcst C;!T-;C, it w;,uld be 2 . 5  ?::jn/sec. 

600-2,"  J. R.  Birkerneier ,  ~~"icr?.orancium f o r  Pile, Be3!1.crornm, I n c .  , 
Ju ly  17, 1967. 
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T h e  encoun te r  ancjle , though varizl-)l..e, w i l l  r e s u l t  i n  a m.i.ilimuin 
d i s t z n c e  of c.',v.t 30,000 km frcw I;~c si;acecraft  t o  Phobos and 
w i l l  also r e s u l t  i n  a r e l a t i v e  v d o c i t y  t h a t  i s  soraewh.ere be- 
tween t h e  extremes. I f  t h e  telescope? has a 1.5 '  f i e l d  of view, 
t h e  w i d t h ,  x, of t h e  f i - e l d  of view a.i: a d i s t a n c e  of 30,000 h i 1  

i s  x = ( 3 0 , 0 0 0  krti) ( t a n  1.5O) =: 7 8 3  J a n .  T h e r e f o r e ,  for a rela-  
t ivc:  v e l o c i t y  of 4 . 5  km/sec bctwccn Phobos and t h e  s p a c e c r a f t ,  
it is n e c e s s a r y  t o  p r o v i d e  c o n t r o l  evi.ry time t h e  s p a - c e c r a f t  
a n d  Phobos move 7113 k m  r e l a t i v e  t o  one a n o t h e r ,  and 7 8 3  km/"-' 
4. 5 km/sec f-- 1 7 4  seconds  wou1.d be a v a i l a b l e  f o r  t h e  ca.lcu1.at.ions. 
If each of the 2000 j-iis-tructi.(>lis i s  perforLncd three times , t h e  
speed  requ.irc.:;erlt would be 3x2000/174 = 3 6  o p e r a t i o n s  pe r  second .  

b?atching a n  obscrved s p e c t r a  w i t h  a library of s p s c t r a  
t o  j.den-i-ify what i s  b e i n g  l00l;ed at i s  a prcxeclurc t h a t  in2ght be 
coxiioii t o  many spaceborne expm:lrne~its . O n e  exanple of tli:is is  
choos ing  a rock sample.  Observing the spectra of ga!.o-rria rays 
which are produced by natural1.y or a r t i f  icial.1-y e x c i t e d  n u c l e i ,  
can y i e l d  a complex p u l s e  h e i g h t  spec t rum of the sample .  The 
pulse h e i g h t  spec t rum must. t h e n  be t ransfoxned  i n t o  a d i f  f euen-  
tial energy spectrum to provid? meaningfu l  i n f o r m a t i o n  concern-  
i n g  t h e  sarnple . 
been developed to accomplish th i s  , * and t h e  compl.ete conipu-ter 
program f o r  performiiig i t  i s  yj.ven in "A Numerical Leas t -Squa . r c  
Method f o r  Resol-ving Complex P u l s e  11eigll-l; Spectra. 'I T h i s  pro- 
gram i n c l u d e s  a s u . h r o i i t i n e  f o r  2na lyzi-ng the data from known 
samples t.o ob-ka3n a reference l i ? , r a . ry  of c!xt;a. T h e n  d.a.tn from 
an  unlcnown sainp1.e i s  analyzed and t h e  1 ibrary da.t.a is u s e d  t o  
i d e n t i f y  the unlmown. T h i s  progr;:in j-s written i n  F03.? ' .~T' l~N for 
t h e  IBM 7 0 9 4  , and can be adapted  to any s i rni . lar  computer.  The 
coinpu-ter f o r  which t h e  program w a s  w r i t t e n  has an a v a i l a b l e  
memory f o r  32,000 words, b u t  o n l y  a b o u t  2 5 , 0 0 0  words are  used. 

I! nurneri.c:a.J_ I .ezst-syuaxe method of a n a l y s i s  has 



The specd rcquilre!nen.t c?cpcnd.s on t h e  ~?..mo~z:zt o? time t .ha t  
c a n  be spent  a n a l y z i n g  each s;anple, Trornblra ' s ana1ys.i.s r e q u i r e s  
an e s t i m a t e d  G O O 0  operations (the 3000 i n s k r u c t i o n s  i n  the pro- 
gram a rc  not all performed,  but loops r e s u l t .  i n  some b e i n g  used 
s e v e r a l  t i m e s ) .  A s s w n j - n g  t h a t  30 second:; c a n  hc allowxi ror the 
p.roc:essing, the speed r e c p i r c w u t  is 200 ~peret . io~:s  p s r  second. 

S o l a r  Flare S e n s i n u  

A method 02 autormLcd s o l a r  flare sensing has Jlcen 
o u t l . i n e d  by A g a m a l .  A The s y s t e m  he  cJescrt.bes i s  one i n  which 
a square a r r a y  of semiconductor  d i o d e s  j 8 used t o  sense t h e  s u n ' s  
v i s i b l e  l i g h t .  
t i o n  on the so lar  dial;. 

Each c lement  j_n Lhe a r r a y  corresponds to a loca- 

There are  two methods of a n a l y z i n g  the j.nforina-tion from 
the a r r a y  The elem6n'is i n  the a r r a y  can be scani!.ed and their  
i -n tens i t ies  d i g i t i z e d .  and  s t o r e d  i n  a buffci-  memory i n  thc f o ~ m  
of a. 6.-bi t  code ( 6 4  grey 1.evel.s). Each word i n  the b u f f e r  mcmosy 
can be compared w i t h  a t h r e s h o l d ,  ziiil,  hen S.M el-ei~~ii.2. i s  Found 
t o  he of i n t e r e s t  I f u r t h e r  proceasinq of adj;.;cent elcmentx c m  be 
done to deter jn ine  t h e  boundary cjf the fl.a.j:c. E s t h a - t e s  of rc- 

operations per second. 
quj.reneni:s .,for t h i s  m t h o d  a?:e 1.0 6 six-bi. '~ I ~ m m q  words and 2,-;10 5 
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>?nother  mcthod that nic,.;it bc f e a s i h l c  f o r  an? Ly-,-- &,.tllg the 
i n f o m a t i o n  i s  to s c a n  the ar ray  b u t  on]-y s t o r e  the: d i g i t i z e d .  i n -  
fo rma t ion  frol;, those el.emznts t h a t  are r f i n t e r e s t .  
a coiIqasj.son t o  be d-one whi1e the scamning i s  be ing  done and it 
r e q u i r e s  s t o r i n g  i d e n t i f y i n g  infoxmat ion  w i t h  every elcment  of 
i n t e r e s t .  A 3 0 - b i t  word m u s t  be s torcd  i n s t e a d  of a; 6 - b i t  .c.~oi.-d. 
Only 5 0 0 0  words of b u f f e r  mzmory are  needed,  s i n c e  sta-L-.isixi.cs show 
t h a t  rarely will more than 5000 el..cments be of inte:cest. 

This  req-2.3. TI:; 

The reyuirei i iznts  fo r  this second rliz Lhod have  been deter- 
mined to be 1 0  / 000  iLiemory words and 7 0 , 0 0 0  o p e r a t i o n s  per second.  

A mi. ,? i. t o r  ?:. n cf  s y s t+.Ctin op c r at e d by Env i romw 1; t-. F. 1 S c: i. en c e ;2 
Servi.ce Adn! in i s t r a t ion  (ESSA)  i n  Bou lde r ,  Coloraclo pr,ovides an  
example of a system i n  which the data r c t en t ioa  rate i s  based on 
the p r o c e s s i n g  o? t h e  data. 

This  sysiern sequent ;  c:IJ_y sillnplcs the d a t a  oii 50  ~ h i l i i f i c : l s  
and a l so  services i n t e r r u p t s  on 1 0  channels .  Each tiIxz a da ta  
sample i s  t aken ,  its value is coilya-red t o  p cvious v a l u e s  and to 
p r e d e t e n a i n e d  bounds permitted foj: the da ta  on this c h a i n e l .  I f  a 
v a l u e  i s  routine, very 1 i t t l . e  m m i p u l a t i o n  i s  n e c e s s a y  . It i s  
s t o r e d  a.bout. cvcxy 5 seconds for uubsequc..nt I - C ? ~ C ) U ~  f r o m  the? ccm-- 
putc..:c 0 

%f the v;rluc is nonroukii-le, fus-.i;lie.r pproce.::sing i s  neces- 
sary to dcterrxi.rie the frequency w i t h  which  i t s  value s1iou.l-d be 
st.ored. The processing nzy nwasure the ra-te of change of the 
da ta  on the channel 1:)cing samplcd or t h e  r a t e  of chfinge of t h e  
d a t a  oxi a n o t h e r  channel which affects t h e  oiic being samp1.cd . He- 
cause of the i n t e rdependence  of t h e  channels, the nu)&cr ot opera- 
t i o n s  performed each t i m e  a channel- i s  samp.l-cd i s  vzriabl-e.  But 
an avcraqe can be obtziiiei! by c o n s i d e r i n g  the conputer u.sc?gc 
fac-kor . I n  t h i s  sys t en ,  all. ncce:;sa.ry cornpui;~Z.S.ons are performed 
an.d the coniputer remains i d l e  70% of t h e  ti.me.$: 
f o r  c7n operzt ion i s  3.5 psec, so the nurnber of operations per 
secolid r e q u i r e d  f o r  each chc?.nnel i s  

The ave rage  speed 

(10 6 / 3 .  5)  ( 0  e 30/60 c1ianne.l.s) :-: 1800 c)perrx-i..i.oias/second 
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Appendix (Co,itcl  . ) 

&I exanple of data p r o c e s s  ~ X I S  t o  incl-ezse. the effi. ciencry 
of inforinzition return is t h e  onboard aialys i s of da t a  t o  d . e t c rn t inc  
crop or l a n d  use s-ignc?,twx of t?ie l a i d  pa-ssecl by a satel . . l i te.  
Tho par t icu lzr  si,ynn.tui-ic woiald clcpmd c:u the usc  h e i n y  rmdc of the 
land.; i n  a well-developed area the s igiraturec nigh.t- be t h o s e  of 
corn I oats , r y e  , soybsans  , wheatl pas ture  , red c l o v e r ,  fa.rmstead , 
bare s o i l ,  o r  o t h e r ,  wh i l e  i n  a less dc2vel-oped area the s L g n a t u r e s  
m i c j h t  be -Lh.ose for dense  f o r e s t ,  qr'ass over 6 f e e t  h i g h ,  grzss  4 
t o  8 feet hicjh,  g r a s s  under  4 feet. h i g h I  bare soil., c o r n ,  p a s k u r e ,  
holiics.ted, a id  o t h e r s .  I n  any case , i:liere rti:i.ght be LG separiite 
S < . C J ~ ~ : ~ L J . ~ ~ S  of j.nte!-est-. These can bc r e p r e s e n t e d  by 4 bj.l;s. A 
mu1.tj.hand scanner provides 8 b i t s  of data on each of 18 clianncls 
t o  bc. used t o  d . e t c x n i i n e  the signn-iu.rc:  assocj.atcd with each r e s o l u t i o n  
e lenent .  Therefore, 144 b i t s  arc processed t:o deterrnjne the 4 b i t  
s i o , n a t u r e  f o r  each  resolution e l e m e n t .  



. 
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T h e  mcmoa:y requirement estimatcl is approxj:ma te ly  10 0 words  for 
data storage a n d  about 50 words f o r  program. 
then ,  i s  approximate1 y 150 worcis 

T h e  total estimate, 



1.. t h e  locc?.-tion i.n' space of the boniiclary between thc two 
regions described ~ J ~ o v c ? ,  

4 .  t h e  direction at w h i c h  the coun-Ling rake is grea te s t .  

S i n c e  2" counts may occur d u r i n g  a sixl- .ecnth of a revoli-ition, 
the raw dai-a g e n e r a t e d  during a revolu'c-ion is 

I f  C .  i s  tlie nwnlicr of pulses  rcc!cFv/cd froin the scnso:I: d u r i n g  a 
2 2 .  i n t e r v a l  of a revolution, t h e n  a q u a n L i i y ,  I:, c m  be de- 
€j.ned as:  

1 

r =  



- 1.0 - 
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Appendix (Contd . ) 

i s  Cna>: T h e  flow c h a r t  shows iAa t  t?.-,t^: mar:i.riium cmum:;, 
c o n v e r t e d  t.o 3 ngaritt1ini.c 1iota.t. io11 s.nd t-hc log i s  s t o r e d  Lor sui:)- 
s e q u e n t  t ransmiss io i l .  I n  the sys t em descrih.sd plreviousl j r  , the 
total coun t  I C , was t ransrn i t tec l  i n  1.ogarithi'aic no-La.tioi2. E.i . t?icr 

cou ld  be used,  depenctincrr on the O i l 2  d e s i r e d  by thc cJroiriid proccs-- 
S0j:s. 

necessslry 2nd tha-i; 8 b i t s  are t o  bc  used to express t h e  loc j a r i t lm .  
I t  i s  aassurncd t h a t  C i s  a t  l eas t  2 b u t  less t h a n  2''. T h e  

a c t u a l  nuiiibcs, x, which i s  telcin3tei:eciI is, f o r  C mzix 
t o  (n-3)16 nnd r a n g e s  f ~ o m  l t,o 21;6---ti.!i.s 5s t h e  stine fi-1el.l.10d as  
t h a t .  1.1..scod on Explorci- X Y X I V .  

-r The importiant t h i n g  i s  t h a t  a c a l c u l a t i o n  03 t h e  log2 i s  

3 

n max 
= 2 , ecpci l  

T h i s  method of per forming  the exl3zrj.men-k p r o v i d e s  a more 
precise va-lue of the ratj-0, r,' a i d  an e q u a l l y  precise value of t h e  
c o u n t  as  i s  ob ta ined  by the s y s t e r n  d.c:s.i.gnt?d for Explo re r  XXXIV. 
Furthcr, it nmy he  p o s s i b l e  t o  s:ed.ucc? t h e  nimber of b i t s  r e q u i r e d  
for t ransniss j .on,  d,ependi.!ig on the act..v.a.l. m a : ~ n i v , m  of t h e  coiii-lts 
d u r i n g  a s i n g l e  i n t e r v a l  and OJI the Cle:.i~xa?3il~.ty of u s i n g  t h e  
mc?..r:irl~um covmt for an i n t e r v a l  rathe.lr t h a n  t.13.e "i.ot.a.1 Cov j l t  for t h e  
s i x t e e n   interval..^ . 
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cour 

26 
2 7  

36  
05 
06 
24 
75 
3 4 
22 
0 1  
3 5  
02 
1 5  
15 
15 
1 5  
15 
15 

32 
23 
30 
03  
16 

17  

13 

12 

11 

10 
0 0  

31 
20 
2 1  
33 
3 7  

--- 

1 4 

05 

0 [+ 
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DE SC IIi  1'7'1 0:; 

Sub t r 2  c t 
CoRvert B innry  t o  IL'11, l1 
Zoiivert BCD t o  BinarS , 11 
' l u l t i p l y  Double L e n g t h  
i u l t i p l y  and  Round 
Div ide  Pia g n i  t u d  e 
z l e a r  Add Accumula tor  
S t o r e  kccun iu la to r  
C l e a r  Add C I ? e g i s t c r  
S t o r e  C R e g i s t e r  
S h i f t  A c c u i r ~ l a t o r  Rig?<:, 110 1 
S h i f t  Accumula tor  L c f t ,  I11=1 
Long P,igbt S h i f t ,  112  1 
Long L e f t  S h i f t ,  1 1 3  -1 
S c a l e  A 6 S t o r e  Exponent  I 1 4  1 
S c a l c  AC & S t o r e  Cxl)onent 115-1 

0 
1 

Loci c a  1 P r o d v c t  
L o g i c a l  D i f f e r e n c e  
Logica. 1 Sum 
Ha It 
I3ranch i f  A Z e r o  

Br,-.nch i f  A P o s i t . i v e  

Branch  on OverC ].ow 

Branch on I /0  Busy 

Jump l l n c o n d i t i o n a  1 l y  
T r a n s f e r  U n c o n d i t i o n a l l y  

T r a n s f e r  R e t u r n  
Load Index  I<egistr , i-  
S t o r e  I n d e x  R e g i s t e r  
Replece Inc remen t  EIcmory 
Rep l a c e  Insrenitlilt  I ndex  

Inpi-at A ( P a r a l l e l ) ,  Channels  0- 
( S c r i a  1) 

Outpu t  (Pa. J 1 le I ) 
( S e r i a l )  

I n p ~ t  ( P a r a l l e l ) ,  Channols  6-18 
( S e r i a l  ) 

I ___-_ _-- --- 

A - Oil e 1-a 11 d-cpi\ 
A B ina ry  ---~>:\BCI) 

A Operand-+r\C 
t! Ope r a  nd--ai\ 
A-! Opc rand-r*l'i 
O p c r a n d  ---+z\ 
A 4 . 0  p e r J. I ~d Add r e  s s 
Operand --C 

ABCU -- 1 l B I N  

A, ----j A,, < 1 
A& --*A,l_ 1 C,]- 1 

A~,---- An,  1 u n t i  1 A24=1123 

'LnCn-..A,,; IC,,  1 1 u n t i  1 

A A Operand-f-i? 
A t '  Operand  ---L A 
A V Opcrand A 
E x e c u t i o n  S t o p s  
Jump t o  Operand  Address  

Jllinp t o  Opera114 Addrc,:;s 

Juliip to Operand Addr 

Jump t o  Operand  A d d r e s s  

Jump t o  Opcrand  Ad~Ircss 

Jump t o  Opcrnnd Address  
P -C*Op e r a n d  Ad d r c s s 
Jump t o  Operand  Acidress -I 1 
Operand--'. P 
Operand --+-Index Reg. 
I n d e x  Reg. ---;-Operand Address  
I n d e x  Reg. + l-.4111d~:x Reg. 
Index  Reg. + Operand Address  

S k i p  i f  Inclex Reg. = 0 
111 p u t  Da tx - :. 01' e r a  ncl Ad d r  e s s 

Operand A.<' ?re  s s 

Input: Data  --i.Opern:ld Address 

AnC, -*A,, 1.1 Cn; 1 

~2 

i f  A == 0 

i f  A24 = 0 

i f  A24 :: 1 

if A Over f low 

i f  Q = 1  

--. Ir1d v:c Reg . 

- - - -+Ovtpu t  Channe l  

12 
18 

1 2  
8 (+ 

8 4 
90 
90 
90 
1 2  
12  
12 
12 

6 + 3 ( r ! k )  
6 3 ( r ! h )  
6 I 3 ( r i :  ) 
6 4 3 ( r i k )  

12  I 3 ( r l k )  

1 2  -1 3(1- f l : )  

1 2  
18 
18 
6 

12 

12 

12 

12 

12 

12 
12 

1 2  
18 
16 
18 
18 

1% 
167. 

12 
162 

12 
162 - - "" 1 -----,--." 
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*h 

F C , ~  - i_.- ._-I --_i_ 

Instructioii 
-_- I_-__I - -. I 

Load 
Load 
L O P  d I-lalf1vo1 d 
Load and Test 
Load Conipkineni 
Load Positive 
Load Ncgntivc 
Add 
Add 
Add Halfword 
Add LoEical 
Add Lotical 
Su? ilract 
Suhtrnct 
S u b t r ~  ct IIalfword 
Sub t r 2. c t Log i c n 1 

BRANCH IN G INS Ti i U C '1'1 ONS 
-I--. - --...----" --.I --___.--.--- _ _  " _ _ _ _ _ I  

Branch on Condition RR Cranch on Coui:t 
Branch 011 Coiidition nx Brailrli oil 1ixlc.x IIigli 
Eraiich and Lin!; 13 Il Branch 011 Indcx Low 
Branch and Link KX or  Equal 
Branch on Count RR E xe cute 

- - 
Compare Logical 
Cornparre Logical 
Conipnre Logical 
AND 
A hri, 
OR 
OR 
Exclusive OR 
Exc:usive OR 
Test Undcr  h5asli 

I1 x 
RX 
11 x 
I-( S 

1% s 
RS 

I? s 
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terms 2 s  t h e y  are 

B i t :  

B ~ i f f e ~ : :  

C l o c l ;  T i m e  : 

Data P o i n t s :  

Data. Word: 

k ~ e c u t i v e  
Functi-on : 

I n s t r u c t i o n :  

I n s t r u c t i o n  'i.,!ord : 

used i n  t h i s  r e p o r t .  

A s i - n g l c  c h a r a c t e r  i n  a b i n a r y  number, it can  
have t h e  va1u.c 0 o r  1 as  iridicatccl  by t h e  
absence  oz p r c s e n c e  01 a n  c lcc t r3ca l  p u l s e .  
I t  i s  analogous t o  d i g i t s  which c a n  have t h e  
v a l u e s  0 ihrouq-1-1 9 i n  t h e  dccirnz1 syster:?. 

r-I 1eriipora.r.y s t o ~ a y e  u s c d  t o  n d ; e  p o s s i h l e  trans-- 
fers bet\::een two de\:i.ces whose i n p u t  and o u t p t  
speeds a r e  not inatchecl. 

One c l o c k  t i i n c  i s  e q u a l  t o  t h e  pcriocl of  t h e  
o s c i l l a t o r  used t o  synchron izc  t lie v a r i o u s  
o p e r a t i o n s  F n  t h e  coinpute:r. A real  time c l o c k  
i s  a corilputer c l o c k  whose fr'rcquency i s  ri.~ster-- 
p r e t e d  i n  terms ot time o u t s i d e  tile c ~ i i t ~ ) u L e r .  

A l oca t i -on ,  i d e n t i f i a b l e  by t h e  computer ,  a t  
which d a t a  i s  t a k e n .  

 he coordj. i iat ioii  and s u p e r v i s i o n  3f va r j . 0u . s  
jobs  i n  t h e  computer.  T h i s  f u n c t i o n  j.s p e r -  
formed by a coiiiputer prcogram c a l l e d  t h e  execu- 
t i v e  system o r  e x e c u t i v e  program. 

A coded comma-id u s e d  t o  t e l l  t h e  computcr w h t ~ t  
t o  do.  A computer has  a n  i n s t r u c t i o n  ca.pc?ble 
of inalcing it add, anot3ier € o r  c a u s i n g  a t r a n s -  
f e r ,  arid so on. 

One of t h e  t y p e s  of words .in a coi~i~pu-i-cr ( the 
o t h e r s  a r e  dai;a trori:, 2nd rnernory vorcls) . A 
set. of o rde red  b i t s  used t o  designate what 
opera t i -on  t h e  coxpu tc r  i s  t o  per form and ~ 1 7 ~ 7 . 1 -  
t h e  location of t l ~ c  o p r z n d  i s e  
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